We have deduced the yearly averaged value of the solar diurnal variation as observed by a surface muon telescope and three underground muon telescopes over the years 1957 to 1985. This has allowed us to examine the temporal variation in both the latitudinal gradient G z and the product of the parallel mean free path and the radial gradient A|| G T of galactic cosmic rays during three consecutive solar cycles. The median rigidities of the primary particles being detected by the telescopes are 50 GV in the case of the surface muon telescope and greater than 150 GV in the case of the underground muon telescopes. We have compared our results with those of a similar study made from observations of the solar diurnal variation by neutron monitors and an ion chamber, which have median rigidities of response between 17 and 70 GV (Bieber and Chen 1991a). The product \\\G T has a solar magnetic cycle dependence and our values are lower than those observed by neutron monitors, in agreement with the Bieber and Chen observation that A|| G r reverses after a solar magnetic field reversal, in accordance with drift theories.
Introduction
Cosmic ray solar modulation models include not only the convection of particles by the solar wind and diffusion of particles in the heliosphere caused by irregularities in the interplanetary magnetic field (IMF), but also IMF gradient and curvature drifts (see e.g. Forman and Gleeson 1975) . These models lead to predictions of the density of cosmic ray particles in the heliosphere that have 11-and 22-year periods due to the 11-year solar cycle and the 22-year solar magnetic polarity cycle. A 22-year cycle in the radial gradient of galactic cosmic rays, with a larger gradient for the epoch when the Sun has its north magnetic pole in its northern hemisphere (termed A > 0), is predicted. The radial gradient is also predicted to be lower at times of solar minimum than at times of solar maximum, implying an 11-year cycle. Another prediction is the existence of a bi-directional latitudinal density gradient that changes direction at every solar polarity reversal. Specifically, the models predict a local maximum in the number density of particles at (and on both sides of) the neutral sheet for years of A > 0 and a local minimum in the density during years of A < 0.
The processes of convection, diffusion and drifts in the heliosphere lead to the cosmic ray gas corotating with the Sun, producing an anisotropy of particles with maximum on the eastern side of the Earth-Sun line. An Earth-based cosmic ray telescope scans 360° in space during 24 hours and hence any anisotropy in space with a component in the geo-equatorial plane will be recorded as a 24-hour variation in the count rate. The anisotropy responsible for this solar diurnal variation is known as the solar diurnal anisotropy. By analysing the solar diurnal variation in data from neutron monitors and an ion chamber, Bieber and Chen (1991a) conclusively showed that the product of the parallel mean free path and the radial density gradient of particles with energies less than about 70 GeV was dependent on the solar polarity. Using independent observations of the radial density gradient it has been shown that the mean free path of particles parallel to the IMF is magnetic polarity dependent (Bieber and Chen 1991b) and the radial density gradient only has an 11-year variation. Bieber and Chen (1991a) also showed the bi-directional latitudinal gradient to be in excellent agreement with theoretical predictions. We have undertaken a similar analysis using data obtained from the Hobart and Mawson surface and underground muon telescopes. The surface muon telescope data allow us to obtain results directly comparable with those of Bieber and Chen (1991a) and the underground muon telescope data (having median rigidities greater than 150 GV) give results at energies twice those previously studied. Forman and Gleeson (1975) showed how the various components of the solar modulation of galactic cosmic rays (convection, diffusion and drifts) can produce a diurnal anisotropy with amplitude A F and phase 4> F . Using the same geocentric solar ecliptic coordinate system as Bieber and Chen, it can be shown that the components of the general anisotropy vector A{A X , A y , A z ) are related to the radial and latitudinal density gradients (G r ,Ge) and the parallel and perpendicular mean free paths Ay and Aj_.
Theory
By removing convection from the anisotropy vector, the components of the anisotropy can be defined relative to directions that are perpendicular (_L) and parallel (||) to the IMF. Separating the observations into days when the Earth is in a towards (T) or away (A) IMF sector, we can then calculate a numerical average of the Anisotropy components:
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where p is the gyroradius of the particles (in AU) and is related to their rigidity R (in GV) and the IMF strength B (in nT) by
An observation of the solar diurnal variation (SDV) will lead to a value of the mean parallel anisotropy. Of course, due to the geomagnetic field, the particles' incident directions at the top of the atmosphere are different from their directions of travel when they were outside the influence of the geomagnetic field (i.e. in free space). Thus, the time of maximum count rate (i.e. the phase) as recorded by a telescope is usually different to the corresponding direction in free space of the anisotropy. The amount of 'geomagnetic bending' of the directions of the incident particles also depends on the particles' rigidity. The anisotropic distribution of particles can be spread out in the geomagnetic field, i.e. the amplitude of the SDV observed at Earth varies depending on the median rigidity of response of the telescope and is smaller than in free space. To relate the observed amplitude and phase of the solar diurnal variation to the amplitude and direction of the free-space anisotropy we use coupling coefficients (Fujimoto et al. 1984; Baker 1988 ). These coefficients are specific to the type and size of the telescope and its geographic location. If we know the angle x that, on average, the IMF makes with the Earth-Sun line then we can obtain a value of A|| G r .
Similarly, an observation of the SDV will lead to a value of the perpendicular anisotropy. From the preceding calculation of X\\G r , and defining a as the ratio of perpendicular to parallel diffusion, we have
Defining a coordinate system with z related to 8 such that
where sgn(P) is +1 or -1 for positive or negative polarity, then G z is a vector average of the bidirectional latitudinal gradient on both sides of the heliospheric neutral sheet:
G z > 0 implies a local minimum in the number density at the neutral sheet.
G z < 0 implies a local maximum in the number density at the neutral sheet. For a full description see Bieber and Chen (1991a) .
Data Analysis (3a) Data Collection
Hourly count rates have been recorded by the Hobart Underground Vertical and North-pointing telescopes since 1957 and 1973 respectively, and the Mawson Underground North-pointing telescope since 1973. This study employs these data up to the end of 1985. In addition we have used data from the Mawson Surface Vertical telescope which was in operation from 1957 to the end of 1971. The characteristics of these telescopes have been reported elsewhere (Duldig 1990; Fenton et al. 1961; Parsons 1959) and are summarised in Table 1 . Data were separated according to whether the Earth was in a towards or away IMF sector and Fourier (harmonically) analysed to obtain the SDV. Days with Forbush decreases and other transient phenomena were excluded. All data were corrected for atmospheric pressure variations using well determined correction coefficients. First harmonics were averaged over the year and the uncertainties were taken to be the variance of the individual daily variations about the mean diurnal variation. * Re is the 'effective' minimum rigidity a primary particle must have for the secondaries to reach the detector.
(3b) Observing the Solar Diurnal Variation with Muon Telescopes
Much of the response of underground muon telescopes is from primary particles with rigidities greater than 100 GV. Since the upper limit to the rigidity of particles that will participate in the diurnal anisotropy (R u ) is of this order (Humble 1971; Ahluwalia and Riker 1987) , then an additional correction is required to remove contamination of the data by the orbital diurnal variation (ODV) (Ahluwalia and Erickson 1969) . This second diurnal variation has a predicted free-space amplitude of 0-045% (Forman 1970 ) and a phase of 0600 hours (LT) corresponding to the Earth's motion about the Sun at an angular speed of 3 0 k m s _ 1 . We have removed the ODV contamination by calculating coupling coefficients corresponding to particles with R > R u to determine the telescopes' responses to the ODV. A detailed explanation of the method we use to remove the ODV contamination will appear elsewhere.
(3c) Assumptions made in deriving the Free-space Solar Diurnal Anisotropy
Knowledge of the rigidity spectrum of the anisotropy is required when determining the appropriate coupling coefficients to relate the observed vectors to free space. To directly compare our results with those of Bieber and Chen (1991a) we have assumed that the solar diurnal variation has a flat rigidity spectrum and that the upper rigidity of the anisotropy is 100 GV for every year. We are well aware of the limitations of this approximation. The free-space solar diurnal anisotropy derived from observations of the solar diurnal variation with muon telescopes is very sensitive to the assumed value of the upper rigidity. We have shown that the upper rigidity of the solar diurnal anisotropy varies during a solar cycle between about 50 and 100 GV (Hall et al. 1993 ). We will be using these values of upper limiting rigidity in a later study of Ay G r .
We have assumed that x> the average angle the IMF makes with the Earth-Sun line has been constant at 45°. In determining the bi-directional latitudinal gradient we have had to calculate the gyroradius of the particles producing the anisotropy. This requires knowledge of the rigidity of the particles being detected. The median rigidity of the Mawson surface muon telescope is 50 GV, so in calculating G z from equation (3) we have used this value in equations (la) and (lc). The median rigidities of the underground muon telescopes are greater than the assumed cutoff rigidity to the anisotropy and we have therefore used 100 GV as above when analysing data from any of the three underground muon telescopes. 1965 1970 1975 1980 Hobart Vertical U/G Muon telescope 1985 1960 1965 1970 1975 1980 Hobart U/G, 43° North Muon telescope 1960 1965 1970 1975 1990 Hobart Vertical U/G Muon telescope Table 2 shows the average of Ay G r around years of solar minimum but in different magnetic polarity states (i.e. 1963-65 and 1975-77) . The values obtained by Bieber and Chen (1991a) The surface muon data show significant changes in sign at a solar polarity reversal and the values are in excellent agreement with those of Bieber and Chen. Most of the values of G z obtained from underground muon telescopes are not statistically significant. Significant results are found near solar minimum and reverse in sign with regard to magnetic solar polarity. The significant values of G z support the predictions of drift theory at least for the lower rigidity particles and for the higher rigidity particles at times of solar minimum.
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Summary
By using surface and underground muon telescopes to observe the solar diurnal variation we have calculated the product of the parallel mean free path and radial gradient (Ay G r ) of high energy particles and also the bi-directional latitudinal gradient G z of these particles. These measurements have been made from 1957 to 1985.
These results indicate that cosmic ray drift theory is directly applicable to cosmic ray rigidities up to at least 100 GV. Furthermore, these results indicate that a bi-directional latitudinal density gradient of galactic cosmic rays, which reverses direction after a solar magnetic field reversal, exists at these rigidities. The values of Ay G r at these high rigidities also have a solar magnetic cycle dependence, but as yet we cannot be sure if the dependence is in either or both the mean free path and the radial gradient.
Refining the method of analysis to account for a varying upper limit of rigidity to the solar diurnal anisotropy, and also removing possible contamination of the data segmentation in toward and away sectors due to the particles having such large gyro-radii, is recommended.
